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Abstract

Background: In certain cases, anti-idiotypic antibodies that recognize an antigen-combining site
of an antibody can mimic the structure and/or function of certain nominal antigens. This feature
makes them particularly useful if conventional experimental approaches fail to fulfil expectations,
especially when the molecule of interest is infectious, toxic or difficult to isolate and purify. We
suggest the application of an anti-idiotype concept to the field of prion biology, with the aim of
evoking a humoral immune response against the pathological isoform of the prion protein (PrPsc).
Different ways to induce anti-idiotypic responses were studied in mice and chickens using various
forms of V5B2, a PrPSc-specific monoclonal antibody we have described previously.

Results: The preparation of anti-idiotypic monoclonal antibodies was achieved with well-defined
strategies of immunization, selection and subsequent characterization. Our results demonstrate
that it is possible to induce a strong anti-idiotypic immune response against the V5B2 monoclonal
antibody in both xenogeneic and syngeneic experimental systems. From the competition seen
between polyclonal and monoclonal anti-idiotypic antibodies and the original immunogen, the P
peptide, and even more importantly, the ultimate target antigen, PrPS, we conclude that selected
antibodies bind to the antigen-combining site of the V5B2 monoclonal antibody and might even
resemble the PrPSc-specific epitope. The involvement of both antigen-combining sites in the
interaction between V5B2 and the most promising monoclonal anti-idiotypic antibody was further
supported by molecular docking.

Conclusion: The results of the present study not only provide an example of the successful
production of Ab2 monoclonal antibodies based on a well planned strategy for selection, but should
also provide a new experimental approach that is applicable to the field of prion diseases.
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Background

According to the Network Theory of Niels Jerne, the
immune system is a network of interacting idiotypes that
is involved in the regulation of immune responses [1].
Anti-idiotypic (Ab2) antibodies are a special set of anti-
bodies that can react with idiotopes, which represent
unique antigenic determinants on the surface of an anti-
body. Each antibody constitutes a small set of idiotopes
that form its own idiotype. Private idiotopes have been
shown to be associated with the complementarity-deter-
mining regions (CDRs), which, in addition to various
rearrangements of V-(D)-] gene segments, also reflect ran-
dom somatic mutations and/or N-region additions with a
low probability of repetition in another individual.
Unlike private idiotopes, recurrent idiotopes are encoded
by germline genes, which can generally tolerate some
somatic mutations without the loss of the original idi-
otope [2]. A single idiotope can stretch over a part of the
CDR and a part of the framework region, as well as over
both the light and heavy chain residues.

Ab2 antibodies can be classified into three distinct groups:
the Ab2a antibody group are conventional antibodies
that recognize idiotopes distinct from the antigen-com-
bining site on primary Ab1 antibodies; Ab2f antibodies
are internal image antibodies that recognize epitopes
within the antigen-combining site and that resemble the
nominal antigen (internal image); and Ab2y antibodies
recognize epitopes within the antigen-combining site, but
do not resemble the nominal antigen [3].

The most intriguing group of Ab2 antibodies are those of
Ab2p, the internal image antibodies, which are directed
against the binding site of the eliciting antibodies and can,
in their paratope, structurally and/or functionally mimic
the original antigen, or more precisely, the epitope of the
original antigen [4-8]. This feature has led to the idea of
using internal image antibodies as surrogate antigens for
the development of active vaccines. Such an approach is
especially useful when the hypothetically protective anti-
gens are infectious, toxic or difficult to isolate and purify,
as is the case in prion disease vaccine development.

Prion diseases, which are also known as transmissible
spongiform encephalopathies (TSEs), are a group of
incurable, fatal neurodegenerative diseases that affect
humans and animals [9,10]. According to the widely
accepted "protein only" hypothesis proposed by Stanley
B. Prusiner, TSEs are caused by misfolding of the normal
cellular prion protein (PrPC) into the protease-resistant
isoform, PrPS¢, which then accumulates in the central
nervous system [10,11]. Since the epidemic of bovine
spongiform encephalopathy (BSE) in the nineties and the
transmission of the disease to humans as variant Creut-
zfeldt-Jakob disease (vCJD) [12,13], significant scientific
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resources have been devoted to improve our understand-
ing of prion biology. Interestingly, to date, it has not been
possible to detect a significant anti-PrPS¢ immune
response during the course of prion diseases [10,14,15].
Similar difficulties emerge with attempts to experimen-
tally evoke a protective anti-PrPSc immune response in
wild-type animals, when the recombinant prion protein
or peptides derived from the amino-acid structure of the
prion protein are used as antigens for immunization [16-
21]. Since the prion protein is a highly conserved ubiqui-
tous protein, it induces strong B-cell and T-cell immune
tolerance when introduced into an organism [20,22].

As an alternative to conventional active anti-prion vaccine
development, the Ab2 approach offers another way to
overcome the unresponsiveness of the immune system.
For the development of Ab2 antibodies that mimic the
PrPSc-specific epitope, a PrPSc-specific antibody is a pre-
requisite. In our previous studies, we described and char-
acterized V5B2, a PrPSc-specific monoclonal antibody,
and indicated its potential applicability for diagnostic
purposes [23,24]. Based on biophysical studies, it has
been proposed that V5B2 recognizes an epitope on PrPS¢
that is similar or identical to the conformation of the P1
peptide in solution (predominantly a dimeric/oligomeric
form) and in fibril-like aggregates, both of which differ
from the conformation of the corresponding region in
PrPC[25].

According to the internal image phenomena, Ab2f anti-
bodies against the V5B2 paratope would carry the PrPSc-
specific epitope image in their antigen-combining site,
thereby providing an insight into its structure and maybe
even serving as a tool for idiotypic vaccine studies.

The aim of this study was thus to investigate the applica-
ble ways to induce an anti-idiotypic response to the PrPSc-
specific monoclonal antibody in xenogeneic and syn-
geneic experimental systems, and to define the prepara-
tion of Ab2 monoclonal antibodies with well-defined
strategies for immunization, selection and subsequent
characterization.

Results

To evoke an immune response against the idiotype of the
mouse V5B2 monoclonal antibody, two different models
of experimental immunization were set up: the xenoge-
neic and syngeneic experimental systems.

Anti-idiotypic response in chickens

In the xenogeneic experimental model, the chickens were
immunized with the mouse V5B2 monoclonal antibody.
The humoral immune response was monitored by detec-
tion of antigen specific IgY in the immune sera after the 31
immunization by ELISA (Fig. 1A). In particular, the OD 5
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The chicken immune response as monitored by detection of antigen-specific IgY. (A) ELISA: chicken sera were
tested at |0-fold dilution steps starting from a 1:100 dilution. The serum before immunization was used as the negative control.
Each line represents the mean absorbance of 5 individual chicken sera + standard deviation. (B) Competition assay for polyclo-
nal chicken sera: for the competition assay, V5B2 was pre-incubated with the chicken sera that had been previously immunized
with V5B2, and the subsequent binding ability of V5B2 to the Pl peptide was measured by ELISA. Each column represents the
mean inhibition of V5B2 binding to the P| peptide from the 4 individual chicken sera with the highest antibody titres + standard
deviation. (C) Competition assay for immunity purified chicken IgY (Ch5): each column represents the mean inhibition of V5B2
binding to the P| peptide of at least three experiments + standard deviation.

values were 2.10 + 0.04, 1.97 + 0.13 and 1.00 + 0.45 at the
100-, 1,000- and 10,000-fold dilutions, respectively.
Hardly any signal could be detected at dilutions >
100,000-fold (OD 4,5 0.15 + 0.05). Since our specific inter-
est was restricted to Ab2 antibodies only, the competition
between chicken Ab2 antibodies and the original antigen,
the P1 peptide, for binding to the paratope of the V5B2
monoclonal antibody offered an insight into the Ab2
humoral response (Fig. 1B). The two chickens with sera
that exhibited the highest inhibition were further immu-
nized, although this time with the Fab fragment of V5B2,
to induce proliferation of Fab V5B2-specific B-cell clones
only. Unfortunately, none of the resulting hybridoma cell
clones maintained specific IgY production (data not
shown). To better characterize the potent polyclonal
immune response against the idiotype region, the Fab
V5B2 specific antibodies were purified from the chicken
blood sera. As shown in Fig 1C, the Ch5 immunoaffinity-
purified polyclonal Ab2 antibodies had an inhibitory

capacity of 100% when used at the concentration of only
2 pg/ml, whereas it declined to around 10% at the concen-
tration of 3.2 ng/ml.

Anti-idiotypic response in syngeneic mice

In the second experimental model, syngeneic BALB/c
mice were challenged with three different forms of the
same IgG1 molecule: the whole V5B2 monoclonal anti-
body, the Fab fragment of V5B2, and the Fab fragment of
V5B2 covalently coupled to the highly immunogenic car-
rier molecule KLH. Ten days after the 31d immunization,
blood was taken from the tail vein and the sera were tested
for specific antibodies by indirect ELISA, and for Ab2 anti-
bodies by competitive ELISA, as shown in Fig 2. The mean
OD,(s values at a 1:100 dilution were 1.11 + 0.22, 1.40 +
0.24 and 1.08 + 0.3 for sera of mice immunized with
V5B2, Fab V5B2 and Fab V5B2-KLH, respectively. The
anti-V5B2 sera values declined faster with further dilu-
tions, as compared to the anti-Fab V5B2 and anti-Fab
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The mice immune responses elicited against different antigens. (A) ELISA: immune sera were tested at 10-fold dilu-
tion steps starting from a 1:100 dilution. Pre-immune serum was used as the negative control. Each line represents the mean
absorbance of 5 individual mice sera * standard deviation. The antigens used for the immunizations are listed in the upper right
corner. (B) Competition assay: V5B2 was pre-incubated with the serially diluted sera of mice immunized with different forms of
V5B2 (listed in the upper right corner) and the V5B2 binding to the P| peptide was measured by ELISA. Each column repre-
sents the mean absorbance of 4 individual mice sera with the highest antibody titres * standard deviation.

V5B2-KLH sera, for which the OD,y;values were still 0.68
+ 0.24 and 0.35 £ 0.17, respectively, at a dilution
1:10,000. In agreement with these data, the most potent
binding inhibition of V5B2 to the P1 peptide in ELISA was
seen with the anti-Fab V5B2 and anti-Fab V5B2-KLH sera.
More than 90% inhibition was reached with the anti-Fab
V5B2 and anti-Fab V5B2-KLH sera diluted to 1:1,000, and
more than 50% inhibition with these sera diluted
1:10,000 and 1:5,000, respectively. Since the highest
immune response against Fab V5B2 and the strongest
competition of Ab2 antibodies in immune sera were seen
in mice immunized with Fab V5B2, the two mice with the
highest anti-Fab V5B2 antibody titres were chosen and
sacrificed for the cell fusion. In addition, the mouse with
the highest anti-Fab V5B2 titre from the group of mice
immunized with Fab V5B2-KLH was also selected for the
cell fusion.

Ab2 monoclonal antibody selection

The selection of murine Ab2 monoclonal antibodies was
designed as a two-step process, including positive and
negative selection. In the positive selection step, only
hybridoma lines that reacted with Fab V5B2 in ELISA were
selected for further characterization, whereas in the fol-

lowing negative selection step, only cell lines that did not
bind to any of the negative selection proteins (the mono-
clonal antibodies and Fab fragments listed in Table 1)
were chosen. In particular, the first protein used for nega-
tive selection was the Fab fragment from the E12/2 anti-
recombinant bovine prion protein monoclonal antibody
[26], which has a different epitope specificity but is of the
same isotype as V5B2. This served to eliminate hypotheti-
cal isotype-specific antibodies that recognize the CH,
domain, the first constant domain, in addition to the var-
iable domain that was also present in the Fab fragment.
All of the further proteins used for negative selection were
Fab fragments of monoclonal antibodies directed against
the same P1 peptide as V5B2 [23]. These antibodies differ
from V5B2 either in terms of their prion protein isoform
specificities or other binding properties, as summarized in
Table 1.

The nucleotide and amino-acid sequences of the variable
domains of both the light and heavy chains of the anti-P1
antibodies were determined in our previous studies (man-
uscript in preparation). To compare not only their specif-
icity, but also their structural determinants, the amino-
acid identities and similarities between the variable

Table I: The monoclonal antibodies used in the negative selection process.

mAb Form of mAb Antigen used for mice immunization Isotype Specificity Reference
EI2/2 Fab recBoPrP 1gGI PrPC, PrPSc, ol -helix [26]
Cl/I Fab Pl (HuPrP: 214-226) 1gGl PrPSe, PrPC [23]
K4H5 Fab Pl (HuPrP: 214-226) 1gGl1 PrPSc [23]
E9/5 1gG Pl (HuPrP: 214-226) 1gG2a Prpsc [23]
recBoPrP, recombinant bovine prion protein; HuPrP, human prion protein
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regions of V5B2 and other anti-P1 monoclonal antibodies
that were used for negative selection were examined.
According to the identity and similarity matrices, the clos-
est resemblance of V| and V; of V5B2 were seen with the
C1/1 and K4H5 monoclonal antibodies. In particular, the
V, of C1/1 was 85% identical and 91% similar to the V| of
V5B2 and the V; of K4H5 was 90% identical and 93%
similar to the V;; of V5B2, with respect to the primary pro-
tein structures. The differences between these antibodies
were predominantly restricted to the CDR regions only, as
indicated by the frequencies of non-conserved substitu-
tions (NCS) and insertions and deletions (INDEL) inside
and outside these regions (Table 2). Still, all selected Ab2
antibodies exclusively recognize Fab V5B2 (Fig. 3A).

In all, 44 hybridoma cell lines that were obtained in four
cell fusions produced antibodies that reacted with Fab
V5B2, although only five hybridoma cell lines corre-
sponded to our strict selection criteria, all of which origi-
nated from mice immunized with the Fab fragment of
V5B2 (see next section and Fig. 3A). According to the
binding affinities and the capacity to inhibit the binding
of V5B2 to the P1 peptide in ELISA, the two most potent
Ab2 antibodies (5D12 and 4F8) are further described
here. These selected Ab2 monoclonal antibodies had high
affinities for Fab V5B2 in indirect ELISA. The Kaff deter-
mined were 8.04 + 0.19 x 108M-1and 1.2 + 0.02 x 109 M-
1 for 5D12 and 4F8, respectively.

Ab2 competition studies

Further characterization of the Ab2 monoclonal antibod-
ies in terms of competitive studies showed concentration-
dependent inhibition of V5B2 binding to the P1 peptide,
with over 55% and over 35% inhibition in the presence of
50 pg/ml 5D12 and 4F8, respectively. The isotype control
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6C5 monoclonal antibody did not cause any significant
inhibition over a wide range of concentrations (Fig. 3B).

Since the P1 peptide is only a mimic of the PrPSc-specific
epitope on the PrPScmolecule, and since the final target is
the PrPS¢molecule itself, we wanted to determine whether
Ab2 antibodies can inhibit the binding of V5B2 to PrPSc
directly in immunohistochemistry of brain slices of a
sCJD affected individual. Fig 4 shows the results of immu-
nohistochemical staining in the presence of different
competitor molecules through representative photomi-
crographs of labelled tissue sections (Fig. 4A) and in a
graphical form (Fig. 4B).

Preincubation of V5B2 with its original antigen, the P1
peptide (at 10 pg/ml), resulted in a 92% reduction in the
signal relative to the positive control (p < 0.004), while
the scrambled P1 peptide (Pscr) at the same concentration
(10 pg/ml) caused a statistically non-significant decrease
in comparison to the positive control. Preincubating
V5B2 with the 5D12 and 4F8 Ab2 monoclonal antibodies
at 100 pg/ml resulted in a 90% and 50% drop in the sig-
nal, respectively. Both of these effects were statistically sig-
nificant (p < 0.004). A 50 pg/ml concentration of 5D12
still caused a significant, 52% drop in signal, whereas fur-
ther dilution of 5D12 to 10 pg/ml had a lesser effect,
reducing the signal by 39%, which did not reach statistical
significance. The isotype negative control antibody at 100
pg/ml again produced a statistically non-significant effect
compared to the positive control. All three concentrations
of the purified Ch5 chicken polyclonal Ab (10, 1 and 0.1
pig/ml) caused large and highly significant (p < 0.004) sig-
nal decreases, of 88%, 84% and 81%, relative to the posi-
tive control.

100
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Ab2 monoclonal antibody selection and the binding competition in ELISA. (A) Positive and negative selection steps.
Each column represents the immunoreactivity of individual Ab2 antibodies to the coated positive/negative selection antigens in
the selection process. Each Ab2 antibody was used at | pg/ml. (B) Ab2 monoclonal antibody competition between the Ab2

antibody and the PI peptide for the binding to V5B2. Each column represents the mean inhibition of at least three experiments

+ standard deviation.
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Table 2: Comparison of V5B2 and the antibodies used for the negative selection.

V5B2V,

Frequency of NCS and INDEL

V5B2V,

Frequency of NCS and INDEL

identity similarity inside CDR outside CDR identity similarity inside CDR outside CDR
K4H5 vV, 0.902 0.927 0.16 0.0l K4H5 VvV, 0534 0.698 0.6l 0.09
Cl/l Vy 0.685 0.774 0.28 0.06 Cl/1 vV, 0.847 0.910 0.16 0.0l
E9/5 Vy 0.457 0.630 0.31 0.09 E9/5 V, 0.590 0.718 0.28 0.10

NCS, non-conserved substitutions; INDEL, insertions and deletions;

Amino-acid identities and similarities between the variable regions of the heavy and light chains of the V5B2 monoclonal antibody, in comparison to
the variable regions of the heavy and light chains of the other monoclonal antibodies used for negative selection. The amino-acid identities and

similarities were calculated using the BLOSUM62 matrix.

Sequencing of anti-idiotypic antibodies and 5D 12-V5B2
molecular docking

The nucleotide and amino-acid sequences of V;; and V|
were determined [EMBL:AM850706, EMBL:AM850707
and EMBL:FM180446, EMBL:FM180447 for V,; and V| of
5D12 and 4F8, respectively]. According to the results of
the competitive studies, 5D12 was chosen as the most
promising monoclonal Ab2 and its interaction with V5B2
was further characterized with molecular docking.

The Patchdock algorithm generated 3845 matches
between the 5D12 and V5B2 models based on their sur-
face complementarity. The 100 best solutions were further
refined and scored using the Firedock algorithm. In the
solution that shows the best surface complementarity, the
molecular interface between 5D12 and V5B2 was formed
by the CDR regions of both models (Fig. 5A). At the same
time, this orientation had the 3rd lowest global energy of
all the matches scored using Firedock. The two solutions
with the lower global energy only ranked 37t and 34th
with respect to the complementarity and both proposed
binding to the C-terminal face of the V5B2 model. As this
surface is an artifact of the model, which contains only
variable regions of both chains, and is not exposed in the
entire mAb or Fab fragment, these two solutions were dis-
carded as irrelevant.

The amino-acid residues that form the 5D12-V5B2 con-
tact interface were identified as the ones, in which any
atom of the residue is separated from any binding partner
atom by a distance < 4 A. For both binding partners the
majority of the contact residues were found to be located
in the CDR loops: 19/20 and 18/20 contact residues in the
case of 5D12 and of V5B2, respectively (Figs. 5C and 5D).
With the exception of CDR-L2, all CDR loops from 5D12
contributed to the 5D12-V5B2 binding surface.

The comparison of the P1 peptide sequence (CITQY-
ERESQAYY) and the 5D12 interacting surface residues
revealed several similarities. The centre of the 5D12 inter-

face is composed of aromatic residues, especially Tyr,
which correspond to the C-terminal Tyr-Try motif of the
P1 peptide. In addition the polar Ser and Thr residues,
separated from the Tyr patch by an Asn residue resemble
the Ser-Gln motif in the P1 peptide sequence (Fig. 5B).

Discussion

Over the past decade, the anti-idiotypic vaccine approach
has been successfully used for various aspects of vaccinol-
ogy, such as autoimmune diseases, enteric intoxification,
rejection of allografts, allergic diseases, foetal immunity
regulation, and in particular, tumour immunotherapy
[27]. This is the method of choice when the surrogate pro-
tective antigens are carbohydrate moieties or glycopro-
teins, when protective antigens are difficult to isolate and
purify, when synthetic peptides cannot form the tertiary
structure present in protective antigens, and when infec-
tious agents with unpredictable effects are used [28-31].
Some of the properties listed also hold true for the patho-
logical form of the prion protein. Induction of protective
anti-prion immune response in wild type animals is
extremely difficult, because of the host tolerance to
endogenous PrPC (for review see [21]). To date, no
entirely successful attempt of active immunization in the
field of TSE has been published, although some hypothet-
ically protective target sites on the prion protein have been
proposed [18,19]. However, to our knowledge, no
method has been widely accepted. Anti-idiotypic vaccines
would therefore represent a novel approach for prion dis-
ease prevention and treatment.

Results of passive vaccination and cell-culture studies
indicate that only monoclonal antibodies that bind to the
membrane PrPC are efficient in blocking prion propaga-
tion and pathogenesis [32-35]; at the same time, it has
been shown that monoclonal antibodies that recognized
both PrP€ and PrPS¢, blocked PrPSc accumulation in vitro
even more efficiently than monoclonal antibodies specific
for PrPC only [36]. However, the cross-linking of PrPC in
vivo caused extensive neuronal damage [37] and in our
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Figure 4

Competitive immunohistochemical studies. (A) Representative photomicrographs of immunohistochemically stained
sCJD cerebellar cortex sections in the absence and presence of different competitor molecules. The brown precipitate in the
Purkinje cells layer and internal granular cell layer indicates specific prion immunoreactivity to a variable degree in all of the
images except the negative control. Only photomicrographs of sections stained with the use of following concentrations of
competitor molecules are shown: 100 pg/ml for isotype control, 5D12 and 4F8, and 10 pg/ml for Ch5, PI and Pscr. (B) Bar
chart showing the effects of different competitor molecules at varying concentrations on the mean immunohistochemical signal
intensity, expressed as percentages of the uncompeted V5B2-HRP immunoreactive signal intensity (positive control). Asterisks
indicate statistically significant (p < 0.004) reductions in the mean signals. Competitor molecule concentrations are given in pg/

ml in brackets.

opinion this finding needs to be noted when potent PrP¢-
specific antibodies are to be induced or introduced for
treatment or prophylaxis purposes. Therefore an approach
to exclusively target PrPScwould avoid all of the problems
regarding the binding of antibodies to PrP€and the result-
ant cessation of normal PrPC function.

To directly target the pathological isoform in the develop-
ment of an anti-idiotypic vaccine, a PrPSc-specific anti-
body is a prerequisite. However, only a few PrPSc-specific
antibodies have been reported [23,24,38-40], and due to
their individual characteristics, not all of them are suitable
for this purpose.
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Figure 5

The proposed model of the 5D12-V5B2 complex
obtained with molecular docking. (A) A ribbon diagram
of the 5D 12 and V5B2 variable regions illustrating the orien-
tation of both binding partners with the CDR regions located
at the molecular interface. (B) The amino-acid residues form-
ing the putative 5D 12 paratope. The residues from the V
and V|, CDR regions are shown in yellow and orange, respec-
tively. The only contact residue that lies outside of the CDR
regions is coloured in green. (C) A semi-transparent depici-
tion of the 5D 12-V5B2 contact surface. The CDR loops from
V. 5DI12,V,5DI2,V, V5B2 and V|, V5B2 are shown in yel-
low, orange, cyan and blue, respectively. Stick representation
is used for all contact residues and wire representation of
the backbone atoms is used for the remaining CDR residues.
The contact residues that are not part of the CDR loops are
coloured in green. The same representation, rotated for
180° around the vertical axis, is show in (D).

The V5B2 monoclonal antibody that was previously
described by our group is a potent PrPS¢-specific antibody
that reacts with the native PrPScdeposits in immunohisto-
chemistry [24]. This thus represents an appropriate candi-
date to preserve the information of the native PrPSc-
specific epitope in its antibody-combining site. In the
present study, the main ways of producing Ab2 antibodies
against the PrPSc-specific antibody have been studied in
two experimental models: in xenogeneic and syngeneic
systems.

Mammalian proteins are highly immunogenic in chick-
ens. As expected for xenogeneic immunization, the anti-
body titre in the antiserum was high. Although the
immune response was expected against the whole immu-
noglobulin molecule, anti-idiotypic response was surpris-
ingly potent, with the ability to totally block the binding
of V5B2 to the P1 peptide or PrPSc. However, despite
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promising results after testing the immune sera and affin-
ity purified Ab2 IgY antibodies, we were not able to isolate
stable chicken hybridoma cell lines that retained the anti-
body production. The main reason appears to be that to
date chicken hybridoma technology has been poorly stud-
ied in comparison to mouse hybridoma technology; the
system therefore still needs to be optimized for use as a
routine experimental procedure.

In our syngeneic studies, the antigen (Ab1 V5B2) was
actually a self-protein, produced in a BALB/c mouse and
injected into an inbred BALB/c mouse with virtually the
same genetic background, and therefore self-tolerance to
the whole constant part of the immunoglobulin was
expected. Groups of BALB/c mice were immunized with 3
different forms of the same antigen. Whole I1gG V5B2 was
the original and the least chemically treated molecule
used for immunization. It is a relatively large molecule,
predominantly composed of the self constant region, with
only a minor part being immunogenic in a syngeneic
experimental system. Although the immune tolerance to
the whole constant part of the immunoglobulin molecule
was expected, we also wanted to assess whether the use of
the smaller fragment Fab V5B2, lacking the constant Fc-
region, potentiates the immune response to idiotopes. In
addition to the whole V5B2 and Fab V5B2, the Fab V5B2,
covalently coupled to the highly immunogenic carrier
molecule KLH, was used for immunization, to maximize
the specific helper T-cell response and to potentiate the
immune response against idiotopes on V5B2. Neverthe-
less, a prominent immune response was achieved with all
three antigens. Surprisingly, even though the immune
response against the whole IgG V5B2 was relatively
strong, the antisera capacity to inhibit the V5B2 binding
to the P1 peptide was much lower in comparison to the
inhibitory capacity of the antisera obtained by immuniza-
tion with the smaller fragment, Fab V5B2. Because of the
higher molecular weight of the whole IgG V5B2 in com-
parison to the Fab V5B2, less idiotopes of V5B2 are
present per pg of antigen injected in case of the whole IgG.
This could contribute to the lower immune response and
lower inhibitory capacity of the obtained sera. It is also
possible that the immune response was directed predom-
inantly against the glycan moieties of the constant region
in case of the whole IgG, as the glycosylation profile of
monoclonal antibodies is affected by the cell culture con-
ditions and can differ from the normal antibody glyco-
sylation observed in vivo [41]. Based on the observed
inhibitory capacity, only the mice immunized with Fab
V5B2 and Fab V5B2-KLH were sacrificed for the cell
fusion. The resulting hybridoma cell lines produced pre-
dominantly IgG Ab2 antibodies, in contrast to other Ab2
antibody studies, where the antibodies were mainly of the
IgM class [4,5,42,43]. The obtained Ab2 antibodies
bound Fab V5B2 with a high affinity, characteristic of
affinity-matured IgGs.
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The main objective in the present study was to select Ab2
antibodies that recognize private idiotopes. Therefore, the
selection process included Fab fragments of monoclonal
antibodies with the same specificities for the peptide anti-
gen, but with different specificities for the prion protein
isoforms. Indeed, the majority of the antibodies used in
the negative selection process (Table 1) were directed
against the P1 peptide derived from the C-terminal
amino-acid sequence of the human prion protein, which
can adopt different conformations in solution, and there-
fore, which can elicit antibodies of different specificities
when injected into wild-type mice [23]. The comparison
of the variable region amino-acid sequences of both the
light and heavy chains, between antibodies that had been
used in the negative selection process and our antigen, Fab
V5B2, revealed considerable analogy. The Vi, and V|
amino-acid sequences of these antibodies differ only
slightly, and most importantly, the differences between
these antibodies are predominantly restricted to the CDR
regions (Table 2). Nevertheless, all of the Ab2 mono-
clonal antibodies selected still distinguished between the
Fab fragments of these antibodies, which indicated a very
precise selectivity of our Ab2 monoclonal antibodies for
private idiotopes, most probably restricted to the CDR
regions of V5B2. Subsequent in silico structural modelling
of the 5D12-V5B2 complex also revealed the close interac-
tion of both CDR regions (Fig. 5).

Based on the selection process described and the affinities
of the Ab2 antibodies for Fab V5B2 as well as their inhibi-
tion potential, two Ab2 monoclonal antibodies, 5D12
and 4F8, were selected for further characterization. Since
no functional test is available to determine the presence of
Ab2 antibodies that bind to the antigen-combining site of
a PrPSc-specific antibody, at first an ELISA-based inhibi-
tion assay was designed to characterize the Ab2 antibody
response. Ab2 antibodies in chicken and mouse polyclo-
nal immune sera and Ab2 murine monoclonal antibodies
(Figs. 1B, 1C, 2B and 3B) substantially inhibited the bind-
ing of Ab1 to the P1 peptide in a dose-dependent manner.
This indicated that in agreement with idiotypic network
theory, immunization with Fab V5B2 induced Ab2 anti-
bodies, which bear the functional epitope for Ab1 that
competes with the original antigen, the P1 peptide, and in
turn have to be similar to the P1 peptide structure. The
reasons for the stronger inhibition of the polyclonal
immune sera in comparison to monoclonal antibodies
can be accounted for by the higher antibody concentra-
tion, a wider variety of Ab2 antibody specificities, and
consequently also a wider variety of target epitopes
present in polyclonal preparations.

In addition to the ELISA-based inhibition assay, the com-
petitive immunohistochemistry assay was set up to show
that Ab2 antibodies inhibit not only binding of V5B2 to
the P1 peptide but also to the original target molecule,

http://www.biomedcentral.com/1471-2172/10/16

PrPsc. Indeed, we observed 90% and 50% inhibition of
binding of V5B2 to PrPSc using high concentrations of
5D12 and 4F8, respectively, whereas the isotype control
did not show any significant inhibition at the same con-
centrations. The inhibition of binding was concentration
dependent, which indicates the specificity of the effects
seen. Furthermore we saw 88% inhibition with the use of
much lower concentrations of polyclonal Ch5 as compet-
itor, again probably due to a wider variety of Ab2 anti-
body specificities with synergistic effects, present in the
polyclonal preparation. The results of the competitive
immunohistochemical studies, together with the results
of the competitive ELISA, strongly indicate that the
selected Ab2 antibodies bind into the V5B2 binding site,
thereby hindering the binding of V5B2 to the P1 peptide,
and most importantly to the original target, the PrPScmol-
ecule. In addition, the structural model of the 5D12-V5B2
complex, obtained by molecular docking, also strongly
supports the close interaction of both antibody-combin-
ing regions, since the majority of the interacting residues
are located in the CDR regions (Figs. 5C, 5D).

Based on previous studies, Ab2 antibodies can resemble
the amino-acid sequences of nominal antigens in their
variable regions, especially when the nominal antigen is a
peptide [44-46]. The P1 peptide motif could be preserved
in a single CDR sequence or in a conformational stretch
across different CDR loops of a single chain, as well as
across different loops of both the heavy and light chains.
The latter, i.e. the involvement of different CDR loops of
both chains, is also evident from the proposed model of
the 5D12-V5B2 complex. The comparison of the 5D12
binding interface to the P1 peptide reveals structural sim-
ilarities to its C-terminal. This is especially important in
the light of our recent unpublished data, which indicate
that the C-terminal residues are crucial for the V5B2 bind-
ing to the P1 peptide. It is therefore possible that the 5D12
binding surface mimics the crucial part of the P1 peptide
and the epitope, unique to the PrPS¢ molecule. Neverthe-
less, the computer modelling data must be interpreted
cautiously; still, the obtained docking model is in agree-
ment with the observed experimental data. The proposed
model also achieved an outstanding ranking score using
both the surface complementarity and the global energy
criteria.

Conclusion

With all of the data collected, we have shown that it is pos-
sible to induce a strong Ab2 antibody immune response
against a PrPSc-specific monoclonal antibody in both the
xenogeneic and the syngeneic experimental systems.
Among the three different antigens tested, the Fab frag-
ment was the most successful form for the immunization
of mice. In addition, we have demonstrated that it is pos-
sible to select Ab2 monoclonal antibodies specific for pri-
vate idiotopes using a two-step selection process. In our
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case, the availability of related antibodies that predomi-
nantly differ in CDR regions only, enabled the critical
selection step in the negative selection process. Ab2p, the
internal image antibodies, are directed against the binding
site of the eliciting antibody and are structural and/or
functional mimics of the original antigen. According to
the convincing results of the competition studies and the
computer modelling data, 5D12 is a highly plausible can-
didate for being an internal image antibody, mimicking
the PrPSc-specific epitope. The results of the present study
not only provide an example of the successful production
of Ab2 monoclonal antibodies based on a well planned
strategy for selection, but should also provide a new
experimental approach that is applicable to the field of
prion diseases.

Methods

Animals

Chickens from a divergently selected line (D+) for high
body weight [47] were bred and maintained in the
Department of Animal Science at the Biotechnical Faculty,
University of Ljubljana. BALB/c mice were bred and main-
tained in the Animal Facility at the Blood Transfusion
Centre of Slovenia. Both groups of animals were handled
in accordance with the FELASA recommendations and
guidelines.

Cell lines

V5B2 (Ab1), a B-cell hybridoma cell line of BALB/c origin,
was generated against the 13-residue synthetic P1 peptide
(CITQYERESQAYY), which was derived from the C-termi-
nal a-helix of the human prion protein (amino acids
214-226), coupled to keyhole limpet hemocyanin (KLH)
[24]. The NS1 murine myeloma cell line, the V5B2 hybri-
doma cell line and all murine hybridoma cell lines pre-
pared in this study were maintained in Dulbecco's
modified Eagle's medium (DMEM; ICN Biomedical) sup-
plemented with 13% bovine serum (HyClone), 2 mM L-
glutamine (Sigma), 130 pg/ul streptomycin (Sigma) and
100 U/ml penicillin (Sigma) (subsequently referred to as
DMEM-+). The MuH1chicken myeloma cells and clones
obtained by fusion of chicken cells were cultured in
Iscove's Modified Dulbecco's medium (Sigma) with addi-
tion of foetal bovine serum (HyClone) and gentamycin
(Sigma) at final concentrations of 10% and 0.1%, respec-
tively.

Antigens

We prepared three different antigens for the immuniza-
tion: the whole V5B2 antibody, the Fab fragment of the
V5B2 antibody, and the Fab fragment of the V5B2 anti-
body coupled to KLH. All supernatants from murine
hybridoma cells were purified by gravity-flow affinity
chromatography on Protein G Sepharose (Amersham)
using 0.1 M glycine, pH 2.7, for elution. The Fab frag-
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ments were produced by cleaving with immobilized
papain (Pierce) and purification on Protein A Sepharose
CL-4B (Pharmacia Biotech). The identity and purity of the
Fab fractions were determined by indirect ELISA and
Western blotting. The Fab fragments of V5B2 were cou-
pled to KLH via 4-maleimidobutyric acid N-hydroxysuc-
cinimide ester (GMBS, Sigma), according to the procedure
described by Yoshitake et al. [48].

Chicken immunization and fusion protocol

Five chickens were immunized intramusculary every 3
weeks with the whole V5B2 monoclonal antibody as anti-
gen. In each immunization, 400 pg of antigen was applied
into three places in the breast muscle, in a total volume of
1 ml. For the first immunization, the antigen was mixed
with Complete Freund's Adjuvant (1:1 v/v; Sigma), for the
second immunization, with Incomplete Freund's Adju-
vant (Sigma), and for all of the subsequent immuniza-
tions, with physiological saline. After the 4th
immunization, the titres of anti-V5B2 antibodies were
estimated by ELISA and the two chickens with the highest
antibody titres were selected. They received two more
boosters of the Fab fragment of V5B2. Three days after the
last immunization booster, these chickens were sacrificed,
and their blood was collected for the preparation of the
polyclonal anti-serum and their spleens were removed for
monoclonal antibody production.

The chicken hybridoma cells were produced as described
previously [49,50]. Briefly, spleen cells from the immu-
nized chickens were fused with the MuH1 chicken mye-
loma cell line in a ratio of 1:3 using 50% polyethylene
glycol. Hybridoma cells were selected while maintaining
the cells in medium containing HAT (hypoxanthine, ami-
nopterin, thymidine; Sigma) or HT (hypoxanthine, thy-
midine; Sigma), at a final concentration of 1%, and
ouabain (Sigma), at a final concentration of 20 puM.

Chicken polyclonal antibody dffinity purification

Fab V5B2 was covalently immobilized to agarose beads
(Pierce) according to the manufacturer protocol. Blood
serum from the chicken with the most potent immune
response, collected after immunization, was applied to
the column with the immobilized Fab V5B2. After exten-
sive washing the bound fraction was eluted using 0.1 M
glycine, pH 2.7.

Mouse immunization and fusion protocol

Female BALB/c mice (6-8 weeks old) were immunized
with three different antigens: the whole V5B2 antibody,
the Fab fragment of the V5B2 antibody, and the Fab frag-
ment of the V5B2 antibody coupled to KLH. Each mouse
was immunized subcutaneously with 0.1 mg antigen in
Complete Freund's Adjuvant on day 0, and then intraperi-
toneally with 0.1 mg antigen in Incomplete Freund's
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Adjuvant on days 14, 28 and 42. On day 52, the mice were
bled from the tail vein and the immune sera were col-
lected. A final booster of 50 pg antigen in physiological
saline was administered intravenously on day 57,
although only into the mice with the highest antibody
titres, which were the ones selected as spleen-cell donors
for the cell fusion. The mice were sacrificed on day 61, and
their spleens were removed. Splenocytes were isolated and
fused with mouse NS1 myeloma cells with 50% polyeth-
ylene glycol for 3 min, according to standard procedures.
Hybridoma cells were selected by maintaining the cells for
two weeks in HAT DMEM+ and another week in HT
DMEM-+ selection medium (DMEM+ supplemented with
HAT or HT, respectively). The presence of specific anti-
bodies was determined in supernatants after 10 to 14 days
by indirect ELISA. Selected hybridomas were cultured
until stable cell lines were established, and then sub-
cloned by limiting dilution, and frozen in liquid nitrogen.

Murine anti-idiotypic monoclonal antibody selection
Microtitre ELISA plates (Nunc) were coated with 50 pl Fab
fragment at 1 pg/ml in 50 mM carbonate/bicarbonate
buffer, pH 9.6, and incubated overnight at 4°C. The next
day, the plates were washed three times with washing
buffer (sodium phosphate buffer, containing 150 mM
NaCl, 0.05% Tween 20, pH 7.2-7.4) and blocked for 30
min at 37°C with blocking buffer (1% BSA in washing
buffer). The plates were washed again and then incubated
with the following primary antibodies: polyclonal
immune sera, cell culture supernatant, or purified mono-
clonal antibodies, all diluted in blocking buffer, for 1.5 h
at 37°C. After washing, the plates were incubated with a
secondary goat anti-mouse IgG (y-chain specific) conju-
gated to horseradish peroxidase (HRP, Sigma), diluted
1:3,000 in blocking buffer, and incubated again for 1.5 h
at 37°C. After incubation with the 2,2'-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS, Sigma) substrate
in citrate-phosphate buffer, pH 4.5, for 20 min at 37°C,
the reaction was measured spectrophotometrically at 405
nm with a microtitre plate reader.

The 5D12 and 4F8 clones were chosen for further experi-
ments, as they consistently produced the highest titre anti-
bodies, as determined by indirect ELISA. The 6C5 murine
IgG1 monoclonal antibody, specific for antigen B of the
human polysaccharide blood group system ABO, served as
an isotype negative control monoclonal antibody
throughout the study.

Determination of dffinity constants

The affinity constants (Kaff) of the Ab2 monoclonal anti-
bodies were determined in a non-competitive immu-
noassay [51]. Briefly, an ELISA plate (Nunc) was coated
overnight with Fab V5B2 at three different concentrations:
5 pg/ml, 2.5 pg/ml and 1.25 pg/ml. The Ab2 monoclonal

http://www.biomedcentral.com/1471-2172/10/16

antibodies were applied at three-fold serial dilutions, with
concentrations ranging from 9 pg/ml down to 12 ng/ml.
The incubations with the secondary antibody and the
ABTS substrate were performed as described above.

Competitive ELISA

Chicken immune sera

For the competition studies, ELISA plates (Nunc) were
coated with 0.5 pg/ml P1 peptide (JPT) overnight. The
next morning, the plates were washed and blocked as
described above. Then 1 pg/ml V5B2 was separately
mixed with different dilutions of chicken immune sera
and incubated for 1 h at 37°C prior to application to the
blocked ELISA plate, with a further incubation for 90 min
at 37°C. This step was followed by washing and the addi-
tion of a secondary goat anti-mouse Fab-specific HRP con-
jugate (Sigma) diluted 1:5,000 in blocking buffer, with a
further incubation for 1.5 h at 37°C. Detection was per-
formed as above, and the percentage of specific inhibition
was calculated relative to buffer controls and by taking the
optical density of the well containing no competitor as
100%.

Mouse immune sera, mouse monoclonal antibodies and purified
chicken polyclonal antibodies

As described above, ELISA plates were coated overnight at
4°C with 0.5 pg/ml or 0.25 pg/ml P1 for testing immune
sera and purified antibodies, respectively. The next morn-
ing, the plates were washed and blocked with blocking
buffer. V5B2 conjugated to HRP (V5B2-HRP), diluted
1:1,500, was separately mixed with different dilutions of
mice immune sera, Ab2 monoclonal antibodies, purified
chicken polyclonal antibodies (subsequently called Ch5)
or an isotype control antibody, and incubated for 1 h at
37°C prior to application to the blocked ELISA plate and
incubation for another 1 h at 37°C. After washing, the
detection step was carried out as described above, and
again, the percentage of specific inhibition was calculated
relative to buffer controls and by taking the optical density
of the well containing no competitor as 100%.

Immunohistochemistry

Tissue samples

Adjacent sections of paraformaldehyde-fixed, paraffin-
embedded human cerebellar tissue samples from a
patient with confirmed sporadic CJD (sCJD) with synaptic
prion deposition and primitive plaques (Val/Val on
codon 129 of the prion protein gene) were used in the
study, which were obtained from the archive of the Insti-
tute of Pathology, Faculty of Medicine, University of
Ljubljana. The tissue samples were immersed in 96% for-
mic acid for 1 h after fixing in paraformaldehyde. The 5-
pm-thick sections were used immediately after deparaffi-
nation and the antigen retrieval procedure involving 30
min autoclaving at 121°C in distilled water and then a 5-
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min incubation in 96% formic acid, which is the standard
recommended pretreatment for optimal PrPS¢immunode-
tection in tissue sections [52].

Competitive immunohistochemistry

Direct immunohistochemical detection of prion deposits
was performed with V5B2-HRP and using 3,3-diami-
nobenzidine as chromogen (Sigma). V5B2-HRP was
diluted 1:100 in a vehicle solution containing 1% BSA
(Sigma) and 0.04% Triton X-100 (Sigma) in phosphate
buffer, pH 7.2. Competitors at stated concentrations were
preincubated with V5B2-HRP in the same solution for 12
h at 4 °C before applying the solution onto tissue sections,
which were then incubated overnight in a moist chamber
at room temperature. The sections were then rinsed thor-
oughly (10 x 10 min) and developed in chromogen for 5
min. Simultaneously processed sections incubated only in
vehicle buffer solution and developed in chromogen
served as a negative control.

Image collection and analysis

Photomicrographs were taken using 20 x objective on a
Nikon Eclipse E600 microscope equipped with a Nikon
DXM 1200 digital camera, and connected to a personal
computer station running NIS-D software. Every section
was photographed at 5 locations, chosen to always reveal
cerebellar cortical layers in balanced proportions.

Images of the brown immunoreactive product were
smoothed with Gaussian kernel (1 pixel radius), inverted
and colour-hue adjusted (the hue was rotated by 272°) to
transform the brown immunoreactive product on a white
background to a green signal on a black background. All
of the image pre-processing was accomplished in Adobe
Photoshop CS3 (Adobe, San Jose, CA, USA) using an
automated action. All further analysis was conducted on
the green signal intensity only. To establish a baseline
from which signal was estimated, a threshold was chosen
at which only 0.1% of the negative control image surface
remained above threshold. All images were then thresh-
olded (all pixels with intensity below the threshold were
set to 0) and the mean signal value for each image was
computed. To remove the effects of the remaining noise,
the mean signal value of negative control images (n = 5)
was subtracted from each image value. Finally, to express
the signal intensities as percentages of the positive control
intensity, the mean intensity values were divided by the
mean positive control intensity (uncompeted immuno-
histochemistry with V5B2-HRP) and multiplied by 100.
All of the image intensity analysis was carried out using
Matlab (Mathworks, Natick, MA, USA).

Statistical analysis of immunohistochemical data
The differences in effects of different competitor mole-
cules were estimated using one-way ANOVA. To test for
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significant differences in intensities between test samples
and the positive control, a one-tailed t-test for independ-
ent samples with unequal variances was used. Based on
the number of tests, a Bonferroni corrected p value of
0.004 was chosen as the threshold for statistical signifi-
cance.

Polymerase chain reaction amplification and sequence
analysis of heavy and light chains

Amplification and sequencing of monoclonal Ab2 anti-
body heavy and light chains were performed as described
by Koren et al. [53]. All of the nucleotide sequence analy-
ses and translations were carried out using the BioEdit
programme [54] or the ExPASy proteomics server [55]. All
of the immunoglobulin gene analyses were performed
using IMGT, the international ImMunoGeneTics informa-
tion system [56].

Antibody modeling and molecular docking

The variable regions of V5B2 and 5D 12 were modeled fol-
lowing the procedure described by Morea et al. [57]. For
V5B2, relevant chains from Protein Data Bank (PDB)
structures 1KB5 and 1NBV were used as the light and
heavy chain variable regions (V| and V;) templates, show-
ing 94.5% and 92.7% similarity to the corresponding
V5B2 sequences, respectively. The H3 hypervariable loop
was modeled separately, using H3 loop from the PDB
structure 1VFA as the closest match of the same length and
torso conformation, with 53.8% similarity. For 5D12,
PDB structures 2PCP, 1FSK and 1DBA were used as the
templates for V|, V; and H3 loop, with the similarities to
the corresponding 5D12 sequences being 97.5%, 85.9%
and 73.3%, respectively. All similarities were calculated
using the BLOSUMG62 matrix All structure manipulations
were carried out in Swiss-PdbViewer [58] and UCSF Chi-
mera [59].

The 5D12 and V5B2 variable region models were docked
using Patchdock molecular docking algorithm based on
shape complementarity principles [60], with the anti-
body-antigen complex type option enabled. The 5D12
model was specified as the antibody and the V5B2 model
as the antigen. One hundred best ranking solutions were
further refined and scored according to a binding energy
function using the Firedock algorithm [61].

Abbreviations

The abbreviations used are: ABTS: 2,2'-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid); Ab2: anti-idiotypic;
BSE: bovine spongiform encephalopathy; CDR: comple-
mentarity-determining region; DMEM: Dulbecco's modi-
fied Eagle's medium; DMEM+: DMEM supplemented
with 13% bovine serum, 2 mM L-glutamine, 130 pg/ul
streptomycin and 100 U/ml penicillin; GMBS: 4-maleim-
idobutyric acid N-hydroxysuccinimide ester; HAT: hypox-
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anthine, aminopterin, thymidine; HRP: horseradish
peroxidase; HT: hypoxanthine, thymidine; HuPrP: human
prion protein; INDEL: insertions and deletions; Kaff:
affinity constant of an antibody; KLH: keyhole limpet
hemocyanin; NC: negative control; NCS: non-conserved
substitutions; PrPC: cellular isoform of prion protein;
PrPSc: pathological isoform of prion protein; Pscr: peptide
with scrambled amino-acid sequence of the P1 peptide;
recBoPrP: recombinant bovine prion protein; sCJD: spo-
radic Creutzfeldt-Jakob disease; TSE: transmissible spong-
iform encephalopathy; V5B2-HRP: peroxidase-conjugated
monoclonal antibody V5B2; vCJD: variant Creutzfeldt-
Jakob disease.
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